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vascular tissues and they also lack the interactions of cells
with extracellular matrix that affect the physiologic responses
of cells.1 Although monotypic cell cultures can be used to
examine factors that affect a specific cell type, they cannot
show processes such as remodeling or intimal hyperplasia.
We reasoned that human saphenous vein would pro-
vide a good substrate on which an in vitro model could be
based. Saphenous vein can be obtained from excess
lengths of vein used in bypass grafting surgery and is a
clinically relevant tissue for the study of vein graft stenosis,
a major cause of vein bypass graft failure.
Human vascular tissues have been maintained in vitro
with organ culture techniques.2,3 These techniques are used
to preserve the anatomic relationships that pertain in vivo,
including the vascular cell relation to extracellular matrix
that is thought to modulate the vascular response to injury.4
Current methods of organ culture involve the addition of
undefined protein supplements to the culture medium.
These undefined supplements, usually FBS, contain growth
factors that are known to stimulate the proliferation of vas-
cular cells.1,5 The use of FBS in a model system would pre-
clude the examination of the unstimulated, endogenous
response of the vascular wall to mechanical injury.
In this study, we address some of the issues raised with
the in vitro examination of in vivo processes. The tissues
were prepared to preserve the anatomic relationships
Investigational models are needed in which the patho-
physiologic mechanisms that affect human blood vessels
can be studied. Such models should demonstrate some of
the pathophysiologic processes thought to result in vein
graft stenosis: cell proliferation, vascular wall remodeling,
and hyperplasia. Previous study results have shown that
human vascular tissue can be supported in organ culture
with protein-supplemented media, such as fetal bovine
serum (FBS). Such supplementation adds poorly defined
components to the culture system that may affect the
results of a study with unknown factors.
Although cell cultures of human vascular smooth mus-
cle cells or endothelial cells have been used to advance the
study of human vascular disease, monotypic cell cultures lack
the interaction among the different cell types that compose
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Objective: The purpose of this study was the validation of the physiologic appropriateness of in vitro organ culture of
human saphenous vein as a model with the demonstration of the occurrence of the processes of cell proliferation,
remodeling, and hyperplasia.
Methods: Saphenous vein from 28 patients was cross-sectioned into seven 2-mm segments and maintained in organ cul-
ture for 2 days or 2 weeks. Three organ culture media were used: a chemically well-defined medium (RPMI-1640) and
the same medium supplemented with the undefined protein-containing supplements fetal bovine serum (FBS) or
pooled adult human plasma (type AB). The outcome measures at 2 days and 2 weeks were compared with measure-
ments of segments from the same vein at the time of harvest. Excess saphenous vein harvested for arterial bypass graft-
ing was obtained after approval of the study protocol by the Institutional Review Board. Cell proliferation was
measured with immunostaining for proliferating cell nuclear antigen. Remodeling and intimal hyperplasia were mea-
sured with micromorphometric comparisons of vein segment cross-sectional area before and after organ culture.
Results: There was no evidence of cell death or tissue degeneration on histologic examination of the cultured vein seg-
ments. Cell proliferation, expressed as proliferation index (PI; positive proliferating cell nuclear antigen nuclei/total
nuclei), significantly increased as compared with freshly harvested vein after 2 days of culture in undefined, protein-
supplemented media (mean PI, 42.4 ± 7.4%; P < .001). A significant increase in cell proliferation did not occur in the
defined, unsupplemented medium until 2 weeks (mean PI, 16.2 ± 7.1%; P < .001). The cross-sectional area of the vein
wall increased during culture in all media. A statistically significant increase in the cross-sectional area of the vein wall
occurred during culture with plasma (P < .001) and FBS supplementation (P = .002). The increase in the cross-
sectional area of the vein in defined media was almost statistically significant (P = .089). A significant increase was seen
in the cross-sectional area of the media (P = .006) and adventitia (P = .030) of veins cultured with plasma supplemen-
tation and in the cross-sectional area of the adventitia (P = .034) of veins cultured with FBS supplementation.
Conclusion: These results show that human saphenous vein in culture is viable, shows cell proliferation, and exhibits
remodeling of the layers of the vein wall. This is the first report to document hyperplasia in human vascular tissue cul-
tured in a defined medium. (J Vasc Surg 2002;35:152-7.)
among the cells of the saphenous vein wall. The quantifi-
able outcomes of proliferation, remodeling, and hyperpla-
sia were measured for each layer of the saphenous vein wall.
In the model that we describe, the vein segments are
cultured in a fully nutritional, chemically well-defined
medium: RPMI-1640. This medium provides complete
basic nutrition for most mammalian cell types and has been
used as a serum-free medium for the culture of vascular tis-
sues (human coronary artery and porcine saphenous vein).6
This medium does not contain cytokines, hormones,
growth factors, or coagulation factors that are known or
suspected to affect the response of vascular tissue to injury.
We compared the responses of cell proliferation,
remodeling, and hyperplasia in vein segments grown in
protein-supplemented media (FBS or adult human plasma)
with the response of vein segments grown in RPMI-1640.
We sought to show that different media supplements
would affect cellular proliferation and vein remodeling in
different ways. We also sought to show that these same cel-
lular processes would occur in culture without supplemen-
tation. We hoped to show that a chemically well-defined
medium is available for studies for the determination of the
endogenous mechanisms of the vein wall in response to
injury without the benefit of factors known to be responsi-
ble for the systemic modulation of this process.
METHODS AND MATERIALS
Experimental design. Saphenous vein from 28
patients was cut into seven cross-sectional segments, 2 mm
in length, and maintained in organ culture for 2 days or 2
weeks. The organ culture media used were a chemically
well-defined medium (RPMI-1640; n = 28 segments) and
the same medium supplemented with the undefined pro-
tein-containing supplements FBS (n = 28 segments) or
pooled adult human plasma (type AB; n = 28 segments).
The outcome measures at 2 days and 2 weeks were paired
comparison measurements that were made to segments
from the same vein at the time of harvest (n = 28 seg-
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ments). Some segments from each group of culture con-
ditions were lost in sectioning. Twenty-three segments
were available for comparison after culture in minimal
medium, 19 segments were available after culture in FBS-
supplemented medium, and 21 segments were available
after culture in plasma-supplemented medium.
Tissues and harvesting. Excess saphenous vein har-
vested for arterial bypass grafting was obtained after
Institutional Review Board approval. The vein segments
that remained after the completion of the surgical proce-
dure were stored in a sample storage medium (HEPES-
buffered RPMI-1640) at 4°C for no longer than 2 hours
before preparation for culture.
Organ culture. The vessels were placed longitudi-
nally in a plastic Petri dish in sterile conditions in a lami-
nar flow hood. With a 10-blade scalpel, cross-sections of 2
mm were made. The vein segments were placed at random
into wells of a 48-well culture dish (Falcon 3078, Becton-
Dickinson, Franklin Lakes, NJ) that contained 0.5 mL of
the appropriate culture medium. Because the culture
medium was placed in the dish before the vessel segments,
Fig 1. Photograph of human saphenous vein segments in organ
culture at 7 days. Note maintenance of circular geometry in cross-
section appearance. Vessels were not adherent to culture dish.
Fig 2. A, Photomicrograph of human saphenous vein at harvest
(Verhoeff ’s elastin stain; original magnification, 200×). 
B, Photomicrograph of same vein grown in fetal bovine serum–
supplemented medium after 2 weeks (Verhoeff ’s elastin stain;
original magnification, 200×). Quantitative data regarding changes




the vessel segments were prevented from adhering to the
culture dishes. This prevented the subsequent outgrowth
of cells from the vessel segments. Three culture media
were used. The minimal culture medium was RPMI-1640
with additional chemically defined solutions. Undefined,
protein-supplemented medium was prepared with the
addition of FBS (Intergen, Valhalla, NY) to a final con-
centration of 30% FBS or with the addition of pooled
human AB plasma (hAB plasma: outdated plasma from the
Blood Bank of Morristown Memorial Hospital, Atlantic
Health System, Morristown, NJ) to a final concentration
of 30% hAB plasma. In the medium that was supple-
mented with hAB plasma, the presence of functional coag-
ulation pathway substrates was confirmed with this plasma
as the substrate in tissue factor assays also performed in
this laboratory. Plasma that did not clot in the tissue fac-
tor assay was not used for culture. All the media were
changed every 2 days.
Micromorphometry and immunohistochemistry.
The analysis of remodeling was performed with modifica-
tions of standard histologic techniques for fixation, embed-
ding, sectioning, and staining. The vessel segments were
fixed with the addition of 0.5 mL of 10% formalin (at 37°C)
and then incubated at 37°C for 20 minutes to fix the blood
vessel segments. Perfusion fixation of vessel segments 2-mm
long is not possible. We found that perfusion fixation is not
necessary to obtain a regular geometry if fixation is per-
formed at 37°C. Relaxation of the vessel wall occurs in thin
segments with warm fixation, and measurement of the
cross-sectional area of each layer of the vein wall is possible
with standard micromorphometric technique.
After the embedding of the vessel segment in paraffin,
4-µm sections were cut. Sequential sections were stained
with hematoxylin-eosin or Verhoeff’s elastin stain for mor-
phometric analysis and immunostained with antibodies to
proliferating cell nuclear antigen (PCNA) for proliferation
analysis.
For the quantification of the degree of vascular wall
remodeling, micromorphometry was performed with a
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drawing tube and area-measuring software. The stained
vascular sections were traced onto paper with a drawing
tube (Nikon, Valhalla, NY) that was attached to the micro-
scope. The tracings then were placed on a digitizing tablet
(Jandel Scientific, Corte Madera, Calif), and the cross-
sectional area measurements were recorded with
SigmaScan software (Jandel Scientific). A stage micrometer
(Nikon) was used to calibrate the measurements made on
the digitizing tablet. The results obtained were in units of
square micrometers (µm2) on the basis of this calibration.
Because of the large inter-individual variation in saphe-
nous vein diameter and wall thickness, a normalization
process was applied to the remodeling analysis. First, we
validated the total cross-sectional area for use as a normal-
ization factor. The total cross-sectional area was measured
in every vein segment. The total areas were compared, pair-
wise, for vein segments at harvest with vein segments after
culture. To control for the inter-individual differences in
the diameter and wall thickness of the veins, the remodel-
ing analysis results were expressed as the proportional area
of each layer of the vein segment (adventitia, media, and
intima) compared with the vessel total cross-sectional area
(T). That is, the wall layer cross-sectional areas were nor-
malized to total vein cross-sectional area (adventitia/T,
media/T, and intima/T) for each experimental condition.
The changes in the lumen cross-sectional area were not
considered meaningful because it is not possible for perfu-
sion fixation to be performed on the cultured vein seg-
ments. The changes in the vessel wall cross-sectional area
(as a percentage of the total cross-sectional area) were eval-
uated for statistical significance with repeated measures
analysis of variance (2 weeks versus harvest).
For the determination of the degree of cell prolifera-
tion, the sections of the vascular tissues were stained with
an antibody directed against PCNA. Cells within S-phase
(proliferating) stain positively for PCNA (PCNA+), and
their nuclei appear brown on the lightly stained (bluish)
background. Total nuclear counts and PCNA+ stained
nuclei were performed for each section. The proliferation
Table I. Proliferation in human vascular organ culture
Culture medium Minimal FBS Plasma
Adventitia at 2 days 0 44.9 ± 2.5 43.0 ± 2.4 
at 2 weeks 24.3 ± 10.7* 70.4 ± 10.2† 52.6 ± 7.2‡
Media at 2 days 0 44.6 ± 2.2 45.2 ± 3.3
at 2 weeks 10.9 ± 3.3* 43.9 ± 4.7 23.8 ± 8.5§
Intima at 2 days 0 49.9 ± 3.4|| 26.5 ± 4.0||
at 2 weeks 13.5 ± 5.9* 60.8 ± 7.8¶ 8.7 ± 4.0†
Ratio of positive proliferating cell nuclear antigen nuclei to total number of nuclei at 2 days and 2 weeks in minimal or supplemented culture media (mean
± standard deviation; n = 6). No positive proliferating cell nuclear antigen nuclei were found in saphenous vein sections at harvest.
Tukey test results for multiple pair wise comparisons (lack of notation indicates no significant differences):
*Significantly more proliferation at 2 weeks versus 2 days; P < .001.
†Significantly more proliferation at 2 weeks versus 2 days; P < .001.
‡Significantly more proliferation at 2 weeks versus 2 days; P = .011.
§Significantly less proliferation at 2 weeks versus 2 days; P < .001.
||Significantly less proliferation in plasma-supplemented medium versus FBS-supplemented medium; P < .001.
¶Significantly more proliferation at 2 weeks versus 2 days; P = .011.
††Significantly less proliferation at 2 weeks versus 2 days; P < .001.
FBS, Fetal bovine serum.
index (PI; PCNA+ nuclei/total nuclei) was calculated for
each layer in each individual (n = 6), and the results were
averaged for a mean PI (± standard deviation) of prolifer-
ating cells per vein wall layer (intima, media or adventitia).
RESULTS
Histology. The organ cultures were monitored daily.
No cell spreading onto the culture dish was observed in
the cultured vessel segments (Fig 1). Examination results
of the hematoxylin eosin–stained sections revealed intact
nuclei and no evidence of necrosis or cellular degenera-
tion. Examination results of the elastin-stained sections
revealed changes in the cross-sectional area of the layers of
the vein wall (Fig 2).
Proliferation. The results of the comparison of the
mean PCNA index are shown in Table I. No PCNA+
nuclei were found in the saphenous vein sections at har-
vest. After 2 days of culture of the vein segments in FBS-
supplemented or plasma-supplemented media, a
significant increase was seen in cell proliferation in the
intima, media, and adventitia as compared with the vein
segments at harvest. No increase in cell proliferation was
seen after 2 days in the vein segments that were cultured
in unsupplemented medium. After 2 weeks of culture, the
vein segments that were cultured in all media showed sig-
nificant increases in cell proliferation in all layers of the
vessel wall (Fig 3).
There were differential effects of the culture media on
the PCNA index, however. In the FBS-supplemented
medium, the PCNA index for the adventitial and intimal
layers was significantly greater at 2 weeks than at 2 days.
But the PCNA index of the media was not different at 2
days and at 2 weeks in veins that were cultured in FBS-sup-
plemented medium. In the plasma-supplemented medium,
the mean PCNA index for the adventitial layer increased
from 2 days to 2 weeks, whereas the PCNA indices for the
medial and intimal layers decreased for the same period of
culture. The largest PCNA index displayed in the segments
cultured in minimal medium was 24.3%, which was
approximately half of the lowest index that was displayed in
the segments cultured in FBS-supplemented medium.
Micromorphometry. The mean total cross-sectional
area of the veins was not significantly changed between
harvest and 2 weeks of culture in any of the culture media
(Table II). The proportional cross-sectional area of each
layer of the vein wall was measured at harvest and after 2
weeks and was compared according to culture medium
(Table III). In minimal medium, the increases in adventi-
tial, medial, and intimal cross-sectional areas were 4.9%,
11.2%, and 7.9 %, respectively. None of the increases were
statistically significant.
In the FBS-supplemented medium, the adventitial,
medial, and intimal layers displayed increases in cross-
sectional area of 20.9%, 8.4%, and 25.5 %, respectively.
Only the increase in the adventitial layer was statistically
significant (P = .034).
In the plasma-supplemented medium, the adventitial,
medial, and intimal layers displayed increases in cross-
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sectional area of 18.4%, 15.5%, and 22.0 %, respectively.
The increases in the adventitial (P = .030) and medial (P =
.006) layers were statistically significant.
Comparison results of the whole wall proportional
area (adventitia + media + intima/T) between harvest and
2 weeks of culture revealed that the supplemented media
induced significant vein wall hyperplasia. In the FBS-
supplemented medium, the whole vein wall proportional
area increased from 71.8% to 83.0% of the total area (P =
.002). In the plasma-supplemented medium, the vein wall
increased from 70.7% to 83.0% of the total area (P =
.001). In the minimal medium, the increase in the vein
wall area, from 70.8% to 76.5% of the total area, was just
short of statistical significance (P = .089).
DISCUSSION
Some of the physiologic processes that occur in the
vascular response to injury are cell proliferation, remodel-
ing of the vascular wall, and hyperplasia. In this study, we
have shown that these processes occur during in vitro
organ culture of human saphenous vein.
In unsupplemented chemically well-defined medium,
cell proliferation occurred later and less vigorously than in
protein-supplemented media. Not only the onset and the
degree of cell proliferation but also remodeling was
altered with different culture supplementation. The onset
of cell proliferation, with significant increases in the
adventitia, media, and intima, occurred at 2 days with
plasma-supplemented or FBS-supplemented media but
did not occur in minimal medium.
PCNA+ nuclei were observed at 2 weeks in vein seg-
ments that were cultured in minimal medium. Although
PCNA immunohistochemistry may overestimate the num-
ber of active proliferating cells at a single time point, it
remains useful for a time series comparison as performed
in this study. The late expression of PCNA in vein seg-
ments cultured in minimal (unsupplemented) medium
indicates that the vein wall is physiologically intact and is
Fig 3. Proliferating cell nuclear antigen immunohistochemical
stain of human saphenous vein maintained in minimal medium
for 2 weeks (original magnification, 400×).
able to initiate a proliferative response endogenously: that
is, without the exogenous stimulators of proliferation pro-
vided with FBS or plasma in the other culture groups.
Also, PCNA+ nuclei were found at 14 days in each of
three layers of the vessel wall: the intima, the media, and
the adventitia. Although this is evidence that each of the
three different layers of the vessel wall remain viable, even
studies such as glucose uptake or lactate dehydrogenase
release cannot rule out the possibility that some cell necro-
sis is occurring.
The initiation of proliferation by 2 days was followed
at 2 weeks with a statistically significant increase in the
cross-sectional area of different layers of the vein wall in
supplemented media. This increase was observed in the
adventitial growth in FBS-supplemented medium and in
both adventitial and medial growth in plasma-supple-
mented medium. This effect probably occurred because
the plasma supplement contains substances such as coagu-
lation factors and the FBS supplement contains substances
such as hormones and growth factors that affect cell pro-
liferation and hyperplasia. Plasma and FBS previously have
been shown to have different abilities to promote the pro-
liferation of vascular smooth muscle cells.7 Those study
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results also showed that the effect of FBS or plasma on
vascular cells was further modulated with the presence of
extracellular matrix.
Organ culture of human saphenous vein maintains the
anatomic relationship of the cells of the vein wall. This is
important for the study of human tissue in vitro.
Tomimori et al8 showed that the physical relationship of
cells to each other in culture could affect their ability to
differentiate during proliferation. Bone marrow stromal
cells cultured in an organotypic (three-dimensional) fash-
ion produced all three lineages of bone marrow–derived
cells (erythroid, lymphoid, and myeloid). If the bone mar-
row stromal cells were cultured in two dimensions (Dexter
cultures; on the surface of a Petri dish),9 then only granu-
locytes were produced although all the different cell types
were present. The maintenance of the healthy anatomic
relationships among the different cell types that compose
a specific tissue is important to the study of proliferative
responses in that tissue.
Organ culture of human saphenous vein maintains the
anatomic relationships among the cells of the vein wall
that exist in vivo, but all of the elements present in vivo are
not present in our model, especially with respect to the
Table II. Mean total cross-sectional areas (µm2 ± standard deviation) at harvest and after 2 weeks of culture with cul-
ture medium
Culture medium Minimal (n = 23) FBS (n = 19) Plasma (n = 21)
Total areas
Harvest 758.9 ± 272.2 701.9 ± 242.4 775.5 ± 241.3
Cultured 715.4 ± 206.5 651.7 ± 215.1 731.7 ± 270.8
P .545 .135 .583
There were no significant differences among total area measurements in comparisons between harvest and cultured 
(2 weeks) specimens.
P measured with analysis of variance.
FBS, Fetal bovine serum.
Table III. Change in relative cross-sectional areas at 2 weeks (ratio of wall layer to total area; mean ± standard devia-
tion)
Culture medium: Minimal (n = 23) FBS (n = 19) Plasma (n = 21)
Adventitia at harvest 0.324 ± 0.095 0.345 ± 0.098 0.326 ± 0.092
at 2 weeks 0.340 ± 0.095 0.417 ± 0.103* 0.386 ± 0.080†
Media at harvest 0.321 ± 0.063 0.322 ± 0.070 0.322 ± 0.059
at 2 weeks 0.357 ± 0.060 0.349 ± 0.075 0.372 ± 0.052‡
Intima at harvest 0.063 ± 0.047 0.051 ± 0.051 0.059 ± 0.050
at 2 weeks 0.068 ± 0.046 0.064 ± 0.038 0.072 ± 0.051
All layers at harvest 0.708 ± 0.115 0.718 ± 0.112 0.707 ± 0.116
at 2 weeks 0.765 ± 0.107§ 0.830 ± 0.099|| 0.830 ± 0.104¶
*Significantly different from harvest; P = .034.
†Significantly different from harvest; P = .030.
‡Significantly different from harvest; P = .006.
§Whole wall (adventitia + media + intima) relative area not significantly increased, 2 weeks versus harvest; P =.089.
||Whole wall (adventitia + media + intima) relative area significantly increased, 2 weeks versus harvest; P = .002.
¶Whole wall (adventitia + media + intima) relative area significantly increased, 2 weeks versus harvest; P ≤ .001.
FBS, Fetal bovine serum.
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formed elements of the blood. Platelets and macrophages
have significant influence on the processes of cell prolifer-
ation and hyperplasia. Our organ culture model does not
preclude the study of the contributions these cells may
make. Rather, we have established the conditions under
which a systematic study can be performed of the influ-
ences that platelets, or macrophages, or their products,
may have on the quantifiable outcomes of cell prolifera-
tion, remodeling of the vascular wall, and hyperplasia. For
example, the influence of a specific factor (eg, platelet-
derived growth factor) or platelets or macrophages them-
selves on the quantifiable outcomes of proliferation,
remodeling, and hyperplasia can readily be studied with
their addition to the culture medium.
The response of the vein segments when cultured in
RPMI probably represents the endogenous response of the
vein wall to injury without benefit of systemic modulating
factors. We were able to manipulate the temporal sequence
of initiation of proliferation and subsequent remodeling
with the addition of undefined, protein supplements to
minimal medium. FBS has been shown to be enriched in
growth factors insulin-like growth factor–1 and platelet-
derived growth factor and to contain hormones, including
insulin, testosterone, and 17-β-estradiol.5 Adult human
plasma contains coagulation factors, such as thrombin,
which are also known to stimulate vascular smooth muscle
cell proliferation.10,11 This may explain why a statistically
significant increase in the cross-sectional area of the media
occurs in plasma-supplemented medium but not in FBS-
supplemented culture medium. The responsiveness of cells
(with PCNA expression) to the addition of such factors
known to stimulate proliferation is a further validation 
of the physiologic appropriateness of our in vitro organ 
culture model.
Equally important, the model of organ culture of
human saphenous vein that we describe shows these 
physiologic events even without supplementation with sys-
temic factors. Although systemic cells, such as macro-
phages, and blood components, such as platelets, may be
adherent in the microvasculature of the cultured vein seg-
ments, we believe that the onset of proliferation and
remodeling that was seen to occur in the vein segment not
cultured with protein supplements is an endogenous
response of the vessel to the trauma of the surgical prepa-
ration and harvest.
The organ culture system presented here is a useful
addition to the investigators’ repertoire because known
individual factors can be added to this system for the
determination of their effects on the quantifiable out-
comes of proliferation, remodeling, and hyperplasia in a
systematic study of human vein graft stenosis.
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